M[any]{.smallcaps}pathogenic bacteria secrete pore-forming toxins that are important determinants of the virulence of these organisms in mammals. Despite the importance of these membrane-damaging toxins in infectious processes, very little is known about the mechanisms by which they interact with nucleated mammalian cells.

Aerolysin is a pore-forming toxin secreted by the human pathogen *Aeromonas hydrophila*, a member of the *Vibrinaceae* family. The bacterium leads to a variety of infections ranging from gastroenteritis to deep wound infection and septicemia. Strong evidence implicates aerolysin as an important virulence factor produced by the bacterium ([@B19]; [@B17]; [@B45]; [@B41]). Using marker exchange mutagenesis, aerolysin was demonstrated to be required not only for the establishment but also for the subsequent maintenance of systemic infections associated with the bacterium ([@B13]).

Since aerolysin was found to be hemolytic and able to form pores in lipid bilayer ([@B5]; [@B37]), most of the efforts have been focused on understanding the mechanisms leading to membrane insertion and pore formation using artificial membranes as well as erythrocytes as a model target cell (for reviews see [@B76]; [@B57]). The following sequence of events has emerged from these studies. The toxin is secreted by the bacterium as a dimeric inactive precursor ([@B37]; [@B96]). Subsequent activation occurs by proteolytic removal of a COOH-terminal peptide ([@B38]; [@B95]). The toxin then binds to the surface of the erythrocyte via a 47-kD, glycosyl-phosphatidylinositol (GPI)^1^-anchored glycoprotein that acts as a receptor ([@B28]; [@B16]). Because of the local increase in toxin concentration, aerolysin undergoes polymerization into a heptameric complex that inserts into the membrane and forms a water-filled channel ([@B37]; [@B24]; [@B101], [@B102]; [@B67]) thereby leading to osmotic lysis of the erythrocyte.

However, aerolysin effects on nucleated cells are likely to involve more complex mechanisms as suggested by the variety of pathological effects that this toxin has been shown to trigger. Purified aerolysin was shown to be lethal to mice ([@B42]; [@B13]), enterotoxic in rabbit ileal segments ([@B3]), responsible, at sublethal doses, for the release of inflammatory mediators from granulocytes ([@B83]), chemotactic for human leukocytes ([@B43]), and cytotoxic to a variety of cell lines ([@B63]). The mechanisms that mediate these various effects remain largely unknown.

In the present paper we have analyzed the effects of aerolysin on BHK cells. We show that proaerolysin binds to specific GPI-anchored receptors within cholesterol-glycolipid "rafts" and is subsequently processed to the mature toxin by host cell proteases. Intoxication leads to dramatic vacuolation in the cell cytoplasm. To our knowledge, such an intracellular effect has never been reported for any other pore-forming toxin. The aerolysin-induced vacuoles were shown to originate from the ER. In agreement with the fact that the early biosynthetic pathway is altered by the toxin, we have shown that transport of newly synthesized membrane proteins to the plasma membrane is inhibited. Our data thus indicate that interaction of proaerolysin with mammalian cells leads to a highly selective perturbation of the organization and dynamics of early biosynthetic membranes.

Materials and Methods {#MaterialsMethods}
=====================

Cells and Materials
-------------------

Monolayers of BHK cells were grown and maintained as described by [@B30] in Glasgow minimal essential medium (GMEM; Sigma Chemical Co., St. Louis), supplemented with 5% FCS, 2 mM [l]{.smallcaps}-glutamine under standard tissue culture conditions. For immunofluorescence experiments, cells were grown on 12 × 12-mm glass coverslips. Phosphatidylinositol-specific phospholipase C (PI-PLC) from *Bacillus cereus*, ionomycin, and A23187 were purchased from Boehringer Mannheim Corp. (Indianapolis, IN), Triton X-100 Ultra Pure from Pierce Chemical Co. (Rockford, IL), Triton X-114 from Merck (Darmstadt, Germany), BSA from Biomol (Hamburg, Germany). Triton X-114 was purified as described by [@B7]. Nocodazole, brefeldin A, trypsin/chymotrypsin inhibitor, and cycloheximide were from Sigma Chemical Co.; stock solutions (trypsin/chymotrypsin inhibitor in Hepes buffer saline, pH 7.4; cycloheximide: 10 mg/ml in water) were kept at −20°C. The LIVE/DEAD viability kit from Molecular Probes (Eugene, OR) was used according to the manufacturer\'s instructions.

Proaerolysin Purification and Iodination
----------------------------------------

Wild-type and variant proaerolysins were purified as described previously ([@B12]). Concentrations were determined by measuring the OD at 280 nm, considering that a 1-mg/ml sample has an OD of 2.5 ([@B97]). Proaerolysin was labeled with ^125^I using Iodogen reagent (Pierce Chemical Co.) according to the manufacturer\'s recommendations. The radiolabeled toxin was separated from the free iodine by gel filtration on a PD10-G25 column (Pharmacia Biotech Sevrage, Uppsala, Sweden) equilibrated with PBS, pH 7.4. We consistently obtained a specific activity of ∼2 × 10^6^ cpm/μg of proaerolysin. Radiolabeled proaerolysin ran as a single band on a SDS gel.

Proaerolysin Binding to BHK Cells
---------------------------------

Confluent monolayers of BHK cells (1.5 × 10^7^ cells per dish) were washed three times for 5 min with ice-cold PBS containing 1 mM CaCl~2~, 1 mM MgCl~2~, and 0.5% BSA (PBS^2+^-BSA), and 1 μg/ml of trypsin/chymotrypsin inhibitor. Cells were then incubated at 4°C with proaerolysin in incubation medium (IM) containing GMEM buffered with Hepes, pH 7.4, 1 μg/ml of trypsin/chymotrypsin inhibitor, and 0.5% BSA. In competition experiments, labeled and unlabeled proaerolysin were added simultaneously to the cells. The monolayer was then washed three times for 10 min with PBS^2+^-BSA at 4°C. The cells were scraped from the dish, collected by centrifugation at 1,500 rpm for 5 min, and then counted in a Packard auto-gamma scintillation spectrometer. Nonspecific binding was determined by incubating cells with radiolabeled proaerolysin in the presence of a 50-fold excess of unlabeled toxin.

Preparation of Triton X-100--Insoluble Membrane Fractions
---------------------------------------------------------

The detergent extraction and flotation protocols were adapted from previously described procedures ([@B9]; [@B22]). Approximately 1.5 × 10^7^ BHK cells were scraped, pelleted by centrifugation (5 min at 1,500 rpm), and then resuspended in 0.5 ml of buffer containing 25 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, as well as Complete, a cocktail of protease inhibitors (Boehringer Mannheim). The membranes were solubilized by rotary shaking at 4°C for 30 min. The sample was then adjusted to 40% sucrose in a SW40 tube (Beckman Instruments, Inc., Fullerton, CA), overlaid with 8.5 ml of 35% sucrose, topped up with 16% sucrose (in 10 mM Tris-HCl, pH 7.4), and then centrifuged for 18 h at 35,000 rpm at 4°C. The initial load (3 ml) as well as 10 fractions of 1 ml were collected.

PI-PLC Treatment
----------------

PI-PLC treatment was performed either on intact or on detergent-solubilized cells. In the first case, cells were incubated with 6 U/ml of PI-PLC in IM for 1 h at 37°C in the presence of 10 μg/ml cycloheximide. PI-PLC treatment of solubilized cells was performed as described by [@B60]. Briefly, BHK cells (3 × 10^7^ cells) were extracted with 2 ml of TBS (10 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA) containing 1% (vol/ vol) Triton X-114 for 1 h at 4°C on a rotary shaker. The cell extract was clarified by centrifugation at 4°C (13,000 rpm for 10 min). The supernatant was subjected to temperature-induced phase separation as described by [@B7] and centrifuged at room temperature for 5 min at 3,000 rpm. The aqueous phase was discarded and the detergent phase was reextracted with 10 volumes of TBS containing 0.06% Triton X-114. In between phase separations, the sample was clarified by centrifugation at 4°C (13,000 rpm for 10 min). The final detergent phase was diluted with 100 mM Tris, 50 mM NaCl, 1 mM EDTA, pH 7.4 to a final volume of 1 ml. The sample was then incubated with or without PI-PLC (6 U/ml) for 1 h at 37°C on an Eppendorf shaker. After incubation, an equivalent volume of TBS containing 2% Triton X-114 was added and the sample was subjected to phase separation. The aqueous phase was collected and reextracted three times by addition of 200 μl of 10% Triton X-114 in TBS without EDTA followed by phase separation.

Potassium Efflux Measurements
-----------------------------

Confluent BHK monolayers were washed three times for 10 min with ice-cold PBS^2+^-BSA and 1 μg/ml of trypsin/chymotrypsin inhibitor. Monolayers were then incubated for 1 h at 4°C with proaerolysin in IM, washed three times for 10 min with PBS^2+^-BSA, and then further incubated at 37°C with IM for 15 min. Cells were subsequently washed with ice-cold potassium-free choline medium, pH 7.4, containing 129 mM choline-Cl, 0.8 mM MgCl~2~, 1.5 mM CaCl~2~, 5 mM citric acid, 5.6 mM glucose, 10 mM NH~4~Cl, 5 mM H~3~PO~4~, and then solubilized with 0.5% Triton X-100 in the same buffer for 20 min at 4°C. The potassium content of the cell lysates was determined by flame photometry using a PYE UNICAM SP9 atomic absorption spectrophotometer (Philips Electron Optics, Mahwah, NJ).

Membrane Potential Measurements
-------------------------------

Trypsin-treated BHK cells were washed twice by centrifugation (900 rpm; 5 min) and resuspended in buffer containing 20 mM Hepes, pH 7.4, 143 mM NaCl, 5 mM KCl, 1 mM MgSO~4~, 1 mM CaCl~2~, 5.6 mM glucose, and 1 μg/ml trypsin/chymotrypsin inhibitor, to a final density of 1 × 10^7^ cells/ml. 1 × 10^7^ cells in 3 ml of the same buffer were placed in a thermostated quartz cuvette (37°C) and DiS-C~3~(5) (100 μM in DMSO) was added to a final concentration of 200 nM. Membrane incorporation of the dye was monitored using a fluorometer (excitation 625 nm; emission 670 nm; 10-nm slits). After reaching a steady state fluorescence (3--4 min after dye addition), proaerolysin was added. Maximal depolarization was obtained at the end of each experiment by adding 1 μg/ml (final concentration) of trypsin-activated aerolysin. Single fluorescent traces are expressed as the ratio *I*(*t*)/*I* ~max~ (i.e., the fluorescence intensity as a function of time over the fluorescence intensity corresponding to maximal depolarization).

Phase Contrast Microscopy of Living Cells
-----------------------------------------

BHK cells were grown on glass-bottom microwell dishes (Mattek, Ashland, MA) at a density of 10^6^ cells per dish. After the desired treatment, cells were visualized by phase contrast using an inverted microscope (Axiovert TV135; Carl Zeiss Inc., Thornwood, NY) equipped with a cooled slow-scan CCD camera (CH250 \[1317 × 1035 pixels\]; Photometrics Tucson, Arizona), controlled by a Power Macintosh 8100/100 (Apple Computer, Cupertino, CA). The IP Lab Spectrum 3.0 software (Signal Analytics Corp., Vienna, Virginia) was used for data acquisition.

Antibodies and Transfection
---------------------------

The polyclonal antibodies against proaerolysin were raised in rabbits against purified toxin, and then affinity purified. Rabbit polyclonal antibodies against the mammalian KDEL receptor ERD2 ([@B27]), calnexin ([@B99]), caveolin-1 ([@B78]), and the mannose-6-phosphate receptor ([@B26]) were gifts from H-D. Söling (Zentrum Innere Medizin, Göttingen, Germany), A. Helenius (ETH, Zurich, Switzerland), R. Parton (University of Queensland, Brisbane, Australia), and B. Hoflack (Institut Pasteur, Lille, France). Mouse monoclonal antibodies against proaerolysin, the human transferrin receptor ([@B36]), tubulin ([@B84]), β-COP (maD \[[@B79]\]; mannosidase II \[[@B69]\]; and the exoplasmic epitope of G protein of vesicular stomatitus virus (VSV-G) \[17.2.21.4; [@B29]\]) were gifts from J.T. Buckley (University of Victoria, British Columbia, Canada), I. Throwbridge (The Salk Institute for Biological Studies, San Diego, CA), T. Kreis (University of Geneva, Geneva, Switzerland), B. Burke (University of Calgary, Calgary, Canada), and J. Gruenberg (University of Geneva). Monoclonal anti--caveolin-1 antibodies were purchased from Transduction Laboratories (Lexington, KT), polyclonal anti--placental alkaline phosphatase (PLAP) from DAKOPATTS (Copenhagen, Denmark). HRP-conjugated secondary antibodies were obtained from Amersham Corp. (Arlington Heights, IL). Fluorescent secondary antibodies were from Jackson ImmunoResearch Laboratories (West Grove, PA).

Human PLAP transfection experiments were performed as described by [@B25] using a PLAP expression construct driven by the *Rous Sarcomavirus* (RSV) promoter (pBC12/PLAPase), provided by D. Brown (State University of New York, Stony Brook, NY) ([@B10]). Plasmids were purified using columns (QUIAGEN Inc., Chatsworth, CA) according to the manufacturer\'s instruction. BHK cells from a confluent 60-cm^2^ tissue culture dish were diluted 1:80 and seeded on glass coverslips in a six-well tissue culture plate in view of immunofluorescence experiments. Per well, 3 μg of pBC12/PLAPase DNA were used. The expressing cells were analyzed by immunofluorescence after 48-h incubation at 37°C.

Immunofluorescence
------------------

Fixation and permeabilization of BHK cells were either performed by incubation for 20 min at room temperature in 3% paraformaldehyde/PBS followed by permeabilization of membranes with 0.1% Triton X-100 in PBS, or with 0.05% saponin in PBS for 4 min at room temperature, or by incubation for 4 min in methanol at −20°C. Unless specified otherwise, cells were fixed before the addition of antibodies. After three washes in PBS-0.5% BSA, fixed cells were reacted for 30 min at room temperature with either anti--KDEL receptor ERD2 (1:250; paraformaldehyde--saponin permeabilization), anti-calnexin (1:500; methanol permeabilization), anti--mannose-6-phosphate receptor (1:200; paraformaldehyde--Triton X-100 permeabilization), anti--caveolin-1 (1:200; methanol permeabilization), anti-transferrin receptor (1:400; methanol permeabilization), anti-tubulin (1:200; methanol permeabilization), anti--β-COP (1:100; methanol permeabilization), anti--mannosidase II (1:500; methanol permeabilization), or anti--VSV-G (1:400; paraformaldehyde--Triton X-100 permeabilization) antibody. Cells were then washed three times with PBS-0.5% BSA and incubated for 30 min at room temperature with FITC-conjugated, goat anti--rabbit or anti--mouse IgG (1:50), or with lissamine rhodamine sulfonyl chloride--conjugated, goat anti--rabbit or anti--mouse IgG (1:25). Immunofluorescence experiments were analyzed with the Zeiss inverted fluorescence microscope previously described, equipped with fluorescein, Cy3, and Cy5 filters.

To induce clustering of PLAP or receptor-bound proaerolysin, cells were incubated on ice with both primary antibodies for 1 h (polyclonal anti-PLAP, 1:35; monoclonal anti-proaerolysin, 1:20), and with both secondary antibodies for 1 h (FITC-conjugated, goat anti--rabbit, 1:50; lissamine rhodamine sulfonyl chloride--conjugated, goat anti--mouse IgG, 1:25) before fixation. Cells were then fixed with 3% paraformaldehyde/PBS for 20 min at room temperature.

Viral Infection
---------------

The protocol for infection with mutant tsO45 vesicular stomatitis virus (VSV) was adapted from previously described procedures ([@B52]; [@B79]). Stock virus was diluted into PBS containing 1 mM CaCl~2~, 1 mM MgCl~2~, and 1% FCS, and was adsorbed to cells for 1 h at room temperature at a multiplicity of four. Unadsorbed virus was then washed away, and cells were further incubated in regular cell culture medium at 39.5°C for 3 h 10 min. The cells were then incubated with or without 0.38 nM proaerolysin in IM for 20 min at 39.5°C. Cycloheximide (10 μg/ml) was added to the cells before shifting them to 31°C. After 45 min at 31°C, cells were fixed in 3% paraformaldehyde/PBS for 5 min at 4°C, followed by 20 min at room temperature. When necessary, membranes were permeabilized with 0.1% Triton X-100 in PBS for 4 min at room temperature. Cells were then processed for immunofluorescence as described above. Fixed, and fixed and permeabilized cells were reacted with anti--VSV-G antibodies for 10 and 30 min, respectively.

Electron Microscopy
-------------------

Cells were fixed with 2.5% glutaraldehyde in 100 mM cacodylate buffer, pH 7.35, for 1 h at room temperature. After six washes of 15 min with 100 mM cacodylate buffer, the cells were incubated with 1% osmium in water for 1 h at room temperature. The cells were then washed five times for 10 min in water before processing for Epon embedding ([@B30]).

Western Blotting and Proaerolysin Overlays
------------------------------------------

The proaerolysin overlay procedure was adapted from a previously described GTP overlay protocol ([@B39]). Membrane fractions were run on a 15% SDS gel. The gel was then incubated in 50 mM Tris-HCl, pH 7.4, and 20% glycerol for 15 min. Proteins were then blotted onto a nitrocellulose membrane (Schleicher and Schuell, Inc., Keene, NH) for 5 h at 150 mA in the cold using a wet transfer chamber (Bio-Rad Laboratories, Hercules, CA). The transfer buffer contained 10 mM NaHCO~3~ and 3 mM Na~2~CO~3~, pH 9.8. Membranes were then subjected to Western blotting using the appropriate antibodies or submitted to proaerolysin overlay. For the overlay, the nitrocellulose membrane was incubated in a binding buffer containing 50 mM NaH~2~PO~4~, pH 7.5, and 0.3% Tween-20 for 20 min followed by a 2-h incubation in the presence of 1.4 nM radiolabeled or unlabeled proaerolysin diluted in the same buffer. The membrane was then washed six times for 5 min with binding buffer. Binding of proaerolysin was revealed either by autoradiography using BioMax films (Eastman Kodak, Rochester, NY) or using an antiproaerolysin antibody followed by HRP-labeled secondary antibody, which was then revealed using enhanced chemiluminescence (Amersham Corp.).

Analytical Techniques
---------------------

SDS-PAGE was performed as described by [@B54]. Protein concentration of BHK cellular fractions were determined with bicinchoninic acid (BCA; Pierce Chemical Co.).

Results {#Results}
=======

Evidence for an 80-kD Proaerolysin Receptor on BHK Cells
--------------------------------------------------------

As a first step in the characterization of the interaction of proaerolysin with mammalian cells, we have analyzed the binding of ^125^I-labeled proaerolysin to BHK cells. All experiments were performed at 4°C to prevent possible internalization of the toxin. A detailed analysis of competition with unlabeled toxin showed that ^125^I-proaerolysin could bind to the cells, and that this binding was progressively inhibited at increasing concentrations of unlabeled toxin (Fig. [1](#F1){ref-type="fig"}, *a*); thus indicating that binding was specific. That binding was of high affinity is illustrated by the fact that 16 nM of unlabeled proaerolysin could inhibit binding of ^125^I-proaerolysin (4 nM) by 50%. Binding could also be inhibited by an excess of the hemolytically inactive G202C-I445C proaerolysin mutant (see below; [@B97]). Association of ^125^I-proaerolysin to BHK cells reached a plateau after 2 h (Fig. [1](#F1){ref-type="fig"} *b*). Finally, binding was saturable, a maximum being reached at a ^125^I-proaerolysin concentration of about 50 nM (Fig. [1](#F1){ref-type="fig"} *c*). Binding was essentially irreversible in the time range of our experiments since \<10% of ^125^I-proaerolysin was released after 4 h of incubation in a toxin-free medium (not shown). These experiments show that ^125^I-proaerolysin binds to high affinity sites on BHK cells.

To identify proaerolysin-binding proteins, we have used a proaerolysin overlay assay: postnuclear supernatant (PNS) proteins were separated by SDS-PAGE, blotted onto a nitrocellulose membrane that was then incubated with proaerolysin. As shown in Fig. [2](#F2){ref-type="fig"}, proaerolysin bound predominantly to a protein with an apparent molecular weight of 80 kD, as well as to some lower molecular weight bands (26 and 28 kD), perhaps corresponding to degradation products. Indeed the intensity of the lower molecular weight bands varied from experiments to experiment (also see Fig. [4](#F4){ref-type="fig"} *b*). As observed for binding of the toxin to living cells (see above), binding of ^125^I-proaerolysin to the proteins on the nitrocellulose membrane could be competed with an excess of unlabeled toxin. The 80-kD protein detected by this assay exhibited the biochemical properties of a membrane protein since it remained bound to a membrane fraction after higher or lower pH washes, or treatment with high salt concentrations (not shown).

Proaerolysin Binds to Triton X-100--insoluble Microdomains of the Plasma Membrane
---------------------------------------------------------------------------------

Preliminary fractionation experiments indicated that proaerolysin, which had been bound to cells at 4°C, did not comigrate on sucrose gradients with the plasma membrane, thus suggesting that the toxin was associated to specific domains with physical properties distinct from those of the bulk of the plasma membrane. Some well-characterized membrane microdomains are the so-called Triton X-100--insoluble fractions, first described by [@B9], or cholesterol-glycolipid "rafts" (for review see [@B85]). We therefore investigated whether proaerolysin bound to BHK cells at 4°C could be recovered in Triton X-100--insoluble fractions. As shown in Fig. [3](#F3){ref-type="fig"}, proaerolysin was highly enriched in the floated Triton X-100--insoluble fractions (fractions 1 and 2). As expected, these fractions were very much enriched in the caveolae marker caveolin-1, but depleted in the transferrin receptor (Fig. [3](#F3){ref-type="fig"}). Interestingly the putative 80-kD proaerolysin receptor was also highly enriched in the floated fractions as shown by toxin overlay.

Proaerolysin Binds to BHK Cells Via GPI-anchored Proteins
---------------------------------------------------------

Detergent-insoluble fractions have been shown to be enriched in GPI-anchored proteins (for reviews see [@B2]; [@B77]). Therefore the observation that both proaerolysin and its putative receptor were recovered in Triton X-100--insoluble floated fractions prompted us to investigate whether the proaerolysin receptor on BHK cells was GPI anchored. As shown in Fig. [4](#F4){ref-type="fig"} *a*, the toxin could no longer be visualized on Western blots of the PNS of cells that had been pretreated with PI-PLC, demonstrating that removal of GPI-anchored proteins dramatically inhibited binding. This observation is in agreement with recent work by Buckley and coworkers showing that the receptors for aerolysin on rat erythrocytes and T-lymphocytes are also GPI-anchored proteins ([@B16]; [@B71]). Also after PI-PLC treatment, the putative 80-kD proaerolysin receptor could no longer be detected by proaerolysin overlay (Fig. [4](#F4){ref-type="fig"} *b*), consistent with our findings that this protein acts as a receptor for proaerolysin. However PI-PLC treatment did not destroy the binding capacity of the released receptor since the fraction of proteins that had been cleaved by PI-PLC still contained the binding activity on blots (not shown) as also observed by [@B71].

These experiments show that proaerolysin binds to one, or possibly several, GPI-anchored receptors, but that the interaction does not depend on the lipid moiety of the membrane-anchored receptor but on the protein and/or the sugar residues.

Proaerolysin Binds to Caveolae and Noncaveolar Microdomains
-----------------------------------------------------------

We then analyzed the distribution of the toxin at the cell surface by immunofluorescence. As shown in Fig. [5](#F5){ref-type="fig"} *a*, the distribution of the toxin when bound to the cells at 4°C showed a rather homogeneous, slightly punctate cell surface staining. This pattern is very similar to the native distribution of GPI-anchored proteins such as the folate receptor or alkaline phosphatase ([@B65]; for reviews see [@B77]; [@B64]). Warming up the toxin-treated cells for 15 min at 37°C accentuated the punctate appearance of the proaerolysin distribution (Fig. [5](#F5){ref-type="fig"} *b*) in agreement with the hypothesis that the toxin concentrates in microdomains. A more distinct punctate pattern could be obtained by forcing the toxin to cluster by antibody cross-linking. In these experiments, cells were incubated with the anti-proaerolysin monoclonal and the polyclonal secondary antibodies before fixation (see Materials and Methods). As observed for a variety of GPI-anchored proteins ([@B65]; for review see [@B64]), cross-linking with antibodies led to redistribution of the toxin into more punctate foci (Fig. [5](#F5){ref-type="fig"} *c*). Using cells transiently overexpressing the placental GPI-anchored PLAP, we could show that the toxin coclustered to a very large extent with PLAP (Fig. [5](#F5){ref-type="fig"}, *c* and *d*). Upon antibody-induced cross-linking, endogenous alkaline phosphatase was found to cluster into caveolae ([@B78]). However it has been shown that overexpressed PLAP mostly clusters in smooth microdomains of the plasma membrane outside of caveolae (Harder, T., P. Scheiffele, P. Verkade, and K. Simons, submitted for publication). Finally, we performed double-labeling experiments of the antibody cross-linked toxin and caveolin-1. As shown in Fig. [5](#F5){ref-type="fig"}, *e* and *f*, some colocalization was evident although colocalization was not complete. These data therefore indicate that proaerolysin binds and tends to cluster into both caveolae and noncaveolar raft microdomains of the plasma membrane.

BHK Cells Express a Protease(s) That Activates Proaerolysin
-----------------------------------------------------------

To form channels in erythrocytes or artificial membranes, proaerolysin must be proteolytically activated. Since BHK cells exhibited a surprisingly high sensitivity to the proform of the toxin, we have investigated whether these cells express a converting enzyme. Cells were incubated with radiolabeled proaerolysin at 4°C, and then shifted to 37°C in a toxin-free medium. At various times, PNSs were prepared and the toxin was visualized by SDS-PAGE followed by autoradiography. As shown in Fig. [6](#F6){ref-type="fig"}, proaerolysin was gradually processed to a lower molecular weight form migrating slightly below trypsin-activated aerolysin. Concomitantly, a high molecular weight complex appeared corresponding to the aerolysin heptamer, which remained assembled in SDS after boiling even though the subunits were not covalently bound. We could exclude that cleavage was because of contaminating trypsin (e.g., because of low contamination remaining after passaging the cells) since the incubation medium used in the present work always contained 1 μg/ml trypsin/chymotrypsin inhibitor (see Materials and Methods). These results therefore demonstrate that BHK cells produce proteases able to process proaerolysin.

It is of interest to note that both cleavage and oligomerization were very efficient since proaerolysin could no longer be detected after 25 min and since the nonheptameric form of aerolysin did not accumulate (Fig. [6](#F6){ref-type="fig"}). In contrast to what is observed in vitro, oligomerization does not appear to be a limiting step.

Proaerolysin Does Not Destroy the Integrity of the Plasma Membrane but Leads to Its Selective Permeabilization
--------------------------------------------------------------------------------------------------------------

We then investigated whether the toxin permeabilized the plasma membrane of BHK cells by measuring the intracellular potassium contents. As shown in Fig. [7](#F7){ref-type="fig"} *a*, proaerolysin addition led to a decrease in intracellular potassium in a dose-dependent manner. No potassium efflux was observed when cells were kept at 4°C. As a control, we analyzed the effects of the G202C-I445C proaerolysin mutant, which has an engineered disulfide bridge that links the propeptide to the mature toxin ([@B97]). This mutant is unable to lyse erythrocytes presumably because it can no longer oligomerize. The intracellular potassium content of BHK cells was not affected by the mutant toxin, both in the proform and the mature form, even though it was able to bind to BHK cells, as shown by the fact that it could compete for binding with radiolabeled wild-type toxin (Fig. [1](#F1){ref-type="fig"} *a*). We have also checked whether removal of GPI-anchored proteins from the cell surface would inhibit potassium efflux. PI-PLC treatment reduced the proaerolysin-induced potassium release by \>75% (Fig. [7](#F7){ref-type="fig"} *b*) again confirming that the proaerolysin receptor is GPI anchored. The remaining potassium efflux presumably reflects the fact that PI-PLC treatment was not complete.

We further investigated whether proaerolysin would lead to depolarization of the plasma membrane, as suggested by the potassium efflux measurements. For these experiments, trypsinized BHK cells were incubated with the fluorescent dye DiS-C~3~(5), a probe that has been extensively used to monitor changes in membrane potential ([@B73]). As shown Fig. [7](#F7){ref-type="fig"} *c*, proaerolysin led to a decrease in membrane potential with dose-dependent kinetics. In contrast, the membrane potential was not affected by the G202C-I445C mutant toxin. We typically observed that the kinetics were biphasic, presumably reflecting sequential stages in channel formation or toxin action.

To investigate whether the overall integrity of the plasma membrane was maintained, toxin-treated cells were subjected to a viability assay (LIVE/DEAD assay; Molecular Probes). The principle of this assay is to incubate cells with calcein-AM, a membrane permeable reagent that can be cleaved by esterases in the living cells thereby yielding green fluorescence. Simultaneously, cells are incubated with ethidium homodimer--1, which only labels the nucleic acids of membrane-compromised cells because the dye is membrane impermeant, yet small enough to diffuse through the nuclear pore (red fluorescence). At various times, the number of cells, respectively, green or red were counted (Table [I](#TI){ref-type="table"}). Cells retained their plasma membrane integrity during several hours of toxin treatment since cellular esterases were not released and ethidium homodimer--1 was excluded (Table [I](#TI){ref-type="table"}; and Fig. [8](#F8){ref-type="fig"} *a*). Similarly, propidium iodide and trypan blue were excluded from these cells.

Considering that the aerolysin channel has a diameter of 10 to 20 Å as determined by a variety of methods ([@B37]; [@B101], [@B102]; [@B94]), it is somewhat surprising that ethidium homodimer--1, which has a molecular weight of 857 D, did not penetrate into the cells. One explanation would be that the channel formed by aerolysin in BHK cells is smaller than the one formed in erythrocytes or artificial membranes. However, far more likely, because of its structure ethidium homodimer--1 can not diffuse through the aerolysin channel. Similarly it has been shown that the channels formed by *Staphylococcal* α toxin, a toxin that shares many functional similarities with aerolysin ([@B57]), allows potassium efflux from human keratinocytes and T-lymphocytes but not influx of propidium iodide ([@B100]; [@B44]).

The exclusion of ethidium homodimer--1 and the retention of cellular esterases in toxin treated cells clearly illustrate that proaerolysin does not affect plasma membrane integrity but has a selective effect on its permeability thereby lowering its membrane potential. We then investigated whether these permeability changes affected the subcellular organization of target cells.

Proaerolysin Induces Vacuolation of BHK Cells
---------------------------------------------

To our surprise, we found that toxin-treated cells, while clearly viable as witnessed by the DEAD/LIVE assay (Fig. [8](#F8){ref-type="fig"} *a*), contained a number of large vacuoles in their cytoplasm (Fig. [8](#F8){ref-type="fig"} *c*) as well as ruffles and blebs at the plasma membrane. Vacuolation was not observed with the hemolytically inactive G202C-I445C aerolysin mutant nor with wild-type proaerolysin when the cells were kept at 4°C. Finally, vacuolation could be completely inhibited by treating the cells with PI-PLC before toxin addition (Fig. [8](#F8){ref-type="fig"} *d*) further confirming that the proaerolysin receptor is GPI anchored. The ability of proaerolysin to induce vacuolation was not unique to BHK cells since we observed the same effects of the toxin on CHO and MDCK cells.

We then investigated whether the ability to induce vacuolation was a property common to all pore-forming toxins. BHK cells were treated with streptolysin O (SLO) ([@B6]), which has been widely used to permeabilize cells. However at concentrations ranging from 25 to 1,000 ng/ml of SLO, we failed to observed the appearance of vacuoles in the cytoplasm even after several hours. We confirmed that SLO was indeed forming channels in BHK cells by measuring changes in membrane potential using the fluorescent dye DiS-C~3~(5). We found that 50 ng/ml of SLO led to depolarization of the plasma membrane with overall kinetics similar to those observed with proaerolysin in Fig. [7](#F7){ref-type="fig"} *c.*

We then investigated whether massive calcium entry through the aerolysin channel was responsible for vacuolation by analyzing the effect of calcium ionophores. Neither ionomycin (2 and 10 μM) nor A23187 (2.5 and 10 μM) led to the appearance of vacuoles as monitored by phase contrast microscopy even after 6 h exposure to the ionophores (not shown). In certain cells however, a single, non-refringent vacuole could be observed near the nucleus as recently described by [@B88]. Since proaerolysin led to potassium efflux, we investigated whether its effects could be mimicked with the ionophore valinomycin. Similarly, no vacuolation was observed in the presence of valynomycin (2 μM).

These results indicate that proaerolysin induces vacuolation of a variety of cell lines and that this property is not common to all pore-forming toxins and ionophores.

Proaerolysin Leads to Vacuolation of the Endoplasmic Reticulum but Does Not Affect Later Stages of the Biosynthetic Pathway
---------------------------------------------------------------------------------------------------------------------------

To identify the origin of the proaerolysin-induced vacuoles, we investigated whether they contained the transferrin receptor, a well-established marker of early endosomes ([@B36]; [@B93]) or rab7, a small GTPase found on late endosomal compartments ([@B14]; [@B21]; [@B66]). The transferrin receptor (see Fig. [10](#F10){ref-type="fig"}) and rab7 (not shown) were clearly absent from the vacuoles, indicating that these did not originate from compartments of the endocytic pathway.

We therefore investigated whether the toxin affected the biosynthetic pathway. The ER was analyzed using an antibody against calnexin, a transmembrane molecular chaperone involved in the folding and quality control of glycoproteins in the ER ([@B4]; [@B35]). As shown in Fig. [9](#F9){ref-type="fig"}, treatment of BHK cells with proaerolysin had a dramatic effect on the staining pattern of calnexin. After 20 min of proaerolysin treatment, the ER no longer showed its typical continuous reticulate appearance (Fig. [9](#F9){ref-type="fig"} *a*), but appeared fragmented into small structures (Fig. [9](#F9){ref-type="fig"} *b*). This initial ER fragmentation could be because of the increase of cytosolic calcium since a prolonged increase in the cytosolic calcium concentration has been shown to induce fragmentation, but not vacuolation, of the ER ([@B50]; [@B88]). With time, the calnexin-positive vesicular structures increased in size. After 90 min, the large vesicular structures observed by phase contrast microscopy (Fig. [9](#F9){ref-type="fig"} *e*) were clearly stained with the anti-calnexin antibody (Fig. [9](#F9){ref-type="fig"} *d*).

Since the effect of proaerolysin on the ER was so striking, we investigated whether the toxin also had an effect on later stages of the biosynthetic pathway. We analyzed the distribution of the KDEL receptor ERD2, which localizes to the intermediate compartment between the ER and the Golgi as well as to the *cis*-Golgi ([@B58]; [@B27]; [@B89]), of mannosidase II, a marker of the *cis*-/*medial*-Golgi ([@B69]), and of the mannose-6-phosphate receptor, which in BHK cells (as well as in other cells) is primarily found in the TGN ([@B11]; [@B49]). Surprisingly, the staining patterns of all three markers were not affected by toxin treatment even in cells that had dramatically vacuolated (Fig. [10](#F10){ref-type="fig"}). Similarly, the morphology of the Golgi complex studied in living cells by staining with C~6~-NBD-ceramide ([@B59]) was not affected by the toxin (not shown).

These observations show that proaerolysin leads to fragmentation and vacuolation of the ER but does not affect the morphology of later compartments of the biosynthetic pathway nor that of the endocytic pathway.

Electron Microscopy of Proaerolysin-treated Cells
-------------------------------------------------

To confirm the above morphological observations, we analyzed proaerolysin-treated BHK cells by electron microscopy. As shown in Fig. [11](#F11){ref-type="fig"}, the cytoplasm contained large electron lucent vacuoles. These vacuoles were already apparent in some cells after 30 min, but were obvious in all cells after 60 min (Fig. [11](#F11){ref-type="fig"}). In many sections the vacuoles were clearly continuous with the nuclear envelope (Fig. [11](#F11){ref-type="fig"}, *A* and *E*) and had ribosomes on the cytoplasmic surface, confirming that the vacuoles are derived from the rough ER. There was clearly little effect of proaerolysin on the plasma membrane permeability to protein; the cytosol of the treated cells showed the same electron density as control cells. Effects of the toxin were highly selective since the cellular ultrastructures, in particular the Golgi, endosomes, and mitochondria, were well preserved (Fig. [11](#F11){ref-type="fig"}, *A--E*).

Degradation of ε-COP and Brefeldin A Do Not Affect Aerolysin-induced Vacuolation
--------------------------------------------------------------------------------

The observation that proaerolysin leads to vacuolation of the ER raised the possibility that a fraction of the toxin reaches by some mean the ER. To investigate whether the toxin enters the cells by vesicular transport, we have investigated its effect on the ldlF mutant CHO cell line ([@B32], [@B33]). The ldlF cells have a temperature-sensitive mutation in the gene encoding for ε-COP, one of the components of the COPI coat involved in anterograde and retrograde biosynthetic membrane transport. At the restrictive temperature ε-COP is degraded, which leads to pleitropic membrane transport defects at early stages of the biosynthetic pathway and between early and late endosomes ([@B32], [@B33]; [@B31]). In these experiments, cells were treated with the trypsin-activated toxin because ldlF cells lack, at the restrictive temperature, the cell surface proteases required to activate the protoxin (unpublished observations). As shown in Fig. [12](#F12){ref-type="fig"}, aerolysin led to vacuolation of ldlF cells both at the permissive (*a*) and the restrictive (*b*) temperature excluding the involvement of COPI-dependent membrane transport routes in toxin-mediated vacuolation.

We then analyzed the effect of the fungal metabolite brefeldin A (BFA), which has been shown to block retrograde transport of toxins such as ricin and cholera toxin to the ER ([@B82]; [@B103]; [@B72]). As shown Fig. [12](#F12){ref-type="fig"}, *c* and *d*, BFA did not inhibit vacuolation, indicating that this process does not depend on retrograde transport processes. The drug was however effective under our conditions since it led to release of β-COP into the cytoplasm as witnessed by immunofluorescence (data not shown).

Having excluded that the toxin may be transported retrogradely to the ER, we considered the possibility that it might use a direct route from the plasma membrane to the ER ([@B86]). The simian virus 40 appears to use this route since this virus has been shown to associate to noncoated invaginations at the cell surface and then reaches the ER apparently via direct transport ([@B46]; [@B1]; [@B87]). Preliminary observations (Parton et al., unpublished results) indicate that SV-40 infection is inhibited by BFA. Since we have seen no effect of this drug on proaerolysin induced vacuolation, it seems very unlikely that direct transport of the toxin from the plasma membrane to ER is required for vacuolation.

Taken together, these observations strongly indicate that vacuolation is not caused by membrane transport of the toxin to the ER.

Proaerolysin Affects the Dynamics of the Early Biosynthetic Pathway
-------------------------------------------------------------------

Since the microtubule network has been shown to be required for assembly and maintenance of the ER ([@B55]; [@B91]), we investigated whether proaerolysin affected the cytoskeleton and thereby modified the ER organization. However, the microtubule network, visualized using anti-tubulin antibodies, was not perturbed even in cells that had dramatically vacuolated (Fig. [13](#F13){ref-type="fig"}, *a* and *c*).

We then tried the reverse experiment, i.e., we tested whether nocodazole, which prevents polymerization of microtubules (Fig. [13](#F13){ref-type="fig"} *d*) would affect vacuolation. Cells were treated with nocodazole for 1 h at 37°C followed by a 60-min incubation with proaerolysin. As shown in Fig. [13](#F13){ref-type="fig"} *b*, there was no sign of ER vacuolation in nocodazole-treated cells. This observation indicates that the process requires the integrity of the microtubule network and that vacuolation is not because of mere swelling of the ER. The toxin therefore appears to interfere with ER membrane dynamics.

We then investigated whether the toxin would affect the distribution of β-COP, a component of the COPI coat that has been implicated in anterograde and retrograde transport between ER and Golgi (for review see [@B53]). As shown in Fig. [14](#F14){ref-type="fig"}, the intensity of β-COP staining gradually decreased with time indicating that the COPI complex was being released into the cytoplasm. A similar, although more rapid release of β-COP has been observed when cells are treated with BFA or upon overexpression of a dominant-negative mutant of the small GTPase Arf1 (reviewed in [@B53]). However, in contrast to what is observed with BFA or the Arf1 mutant, the release of COPI was not accompanied by a redistribution of Golgi markers to the ER (Fig. [10](#F10){ref-type="fig"}), demonstrating that Golgi markers can retain a Golgi localization even in the absence of bound COPI.

Proaerolysin Inhibits Transport of Newly Synthesized VSV-G to the Plasma Membrane
---------------------------------------------------------------------------------

Since proaerolysin induced fragmentation of the ER, affected its dynamics and led to the release of β-COP from membranes, we have investigated whether proaerolysin would affect transport to the plasma membrane of newly synthesized tsO45-G, a temperature-sensitive mutant of the transmembrane G protein of the VSV. BHK cells were infected with VSV tsO45 and incubated at the restrictive temperature (39.5°C) for 3.5 h to allow synthesis and accumulation of tsO45-G in the ER ([@B51]; [@B52]). During the last 20 min of the incubation at 39.5°C, proaerolysin was added to cells. The cells were then shifted to 31°C for 45 min in the presence of cycloheximide to inhibit further protein synthesis, fixed, and then processed for immunofluorescence. As shown in Fig. [15](#F15){ref-type="fig"}, transport of VSV-G to the plasma membrane was dramatically inhibited. Then tsO45-G accumulated in the perinuclear region as seen after permeabilization of the fixed cells with Triton X-100 (Fig. [15](#F15){ref-type="fig"}). These data show that toxin action inhibits biosynthetic membrane transport of a transmembrane protein to the cell surface and suggests that the protein accumulates beyond the ER.

Discussion {#Discussion}
==========

The pore-forming toxin aerolysin is the major virulence factor secreted by *Aeromonas hydrophila.* In humans, this bacterium is able to induce effects as diverse as severe diarrhea, wound infection, septicemia, and meningitis, a disease spectrum that is reminiscent of certain *Vibrio* species. However the mechanism by which aerolysin leads to tissue damage remains largely unknown. In this study, we have analyzed the interaction of aerolysin with mammalian cells. Our data suggest the following sequence of events upon interaction of proaerolysin with BHK cells. The protoxin binds to GPI-anchored proteins at the surface of the target cells and clusters into Triton X-100--insoluble microdomains of the plasma membrane. A cellular protease then cleaves proaerolysin to its mature form, which can then oligomerize and insert into the plasma membrane to form channels. Channel formation allows passage of potassium, as well as presumably other small ions. This perturbation of the plasma membrane permeability in turn leads to selective fragmentation of the ER followed by its vacuolation. Also, transport of newly synthesized VSG-G protein from the ER to the plasma membrane is inhibited. The morphology of post-ER compartments in the biosynthetic pathway is however largely preserved. Similarly the morphology of compartments on the endocytic pathway is not affected.

Binding, Activation, Oligomerization, and Channel Formation
-----------------------------------------------------------

We showed that proaerolysin binds with high affinity to BHK cells via GPI-anchored proteins. Also treatment of cells with PI-PLC inhibited potassium efflux and protected them towards vacuolation. The most likely receptor candidate is a protein with an apparent molecular weight of 80 kD, which we are further characterizing. Two other receptors have been identified for proaerolysin: a 47-kD glycoprotein on rat erythrocytes ([@B28]; [@B16]) and Thy-1 on T-lymphocytes ([@B71]). Interestingly, all three proaerolysin receptors are GPI anchored, and Buckley and co-workers have recently shown that the toxin appears to recognize both specific regions of the glycosyl anchor and some property of the polypeptide chain ([@B18]). Since toxins are the result of long-term coevolution between the pathogenic bacterium and the host, it is tempting to speculate that proaerolysin has evolved to bind to the type of protein that would most efficiently promote its channel formation. In that respect, a GPI-anchored protein seems an ideal receptor for a toxin that must first be proteolytically cleaved, and then oligomerize.

Several properties offered by the GPI anchor are likely to favor these processes because they increase the probability of collision between the protoxin and the protease as well as between aerolysin molecules. Firstly, the lipid anchor (versus a transmembrane segment) increases the lateral mobility of the receptor in the plane of the membrane ([@B104]). Secondly, GPI-anchored proteins cluster transiently in sphingolipid-cholesterol rafts of the plasma membrane ([@B81]; [@B20]), which as shown by the present immonufluorescence data leads to an increase in local toxin concentration (Fig. [5](#F5){ref-type="fig"}) that should favor oligomerization. Clustering might also favor the preceding activation step if the proteases were also present in the rafts. Finally, the GPI anchor might provide an increased spatial flexibility required for proper interaction between the protoxin and the host protease. Interestingly cleavage and polymerization of the cellular prion protein upon conversion to the scrapie isoform has also been suggested to occur within detergent-insoluble microdomains ([@B90]; [@B98]; [@B70]). Similarly the amyloid precursor protein has been localized to caveolae ([@B8]) therefore rafts might be a privileged site for processes such as cleavage and polymerization. In addition, it is interesting to note that aerolysin has evolved to interact selectively via a class of proteins that is only expressed on the apical surface of polarized epithelial cells ([@B60], [@B61], [@B62]). Since *Aeromonas* infection is increasingly associated with food-borne infections ([@B48]), the toxin is most likely secreted inside the gut and must therefore interact with the apical surface of the epithelial cells.

After binding and maturation, the toxin led to potassium efflux and lowering of the membrane potential (Fig. [7](#F7){ref-type="fig"}). Despite its modified permeability, the plasma membrane maintained its overall integrity as ethidium homodimer--1 and propidium iodine were excluded from the cells, cellular esterases were retained and nucleotide-dependent mechanisms such as microtubule polymerization were not affected during several hours.

Selective Alterations in the Biosynthetic Pathway
-------------------------------------------------

The most striking effect of the toxin was the appearance of large vacuoles in the cytoplasm, an effect that had been previously seen on lung fibroblasts ([@B92]), as well as plasma membrane ruffling and blebbing. These morphological changes are reminiscent of those observed during apoptosis ([@B47]). Other pore-forming toxins such as Staphylococcal α-toxin and listeriolysin from *Listeria monocytogenes* have been shown to trigger apoptosis as witnessed by degradation of genomic DNA ([@B44]; [@B34]). Our preliminary experiments however show that DNA was not degraded in proaerolysin-treated cells, also chromatin condensation was not observed (Fig. [11](#F11){ref-type="fig"}) and vacuolation could not be inhibited by overexpression of Bcl-2, a protein known to repress certain forms of apoptosis (Abrami, L., C. Borner, and F.G. van der Goot, unpublished observations) ([@B40]; [@B23]).

The proaerolysin-induced vacuoles also resemble those provoked by VacA from *Helicobacter pylori*, the bacterium involved in gastroduodenal ulcers (for reviews see [@B15]; [@B68]). However, whereas the VacA-induced vacuoles originate from late endosomes as shown by immunostaining for the vacuolar ATPase and for rab7 ([@B74], [@B75]), proaerolysin-induced vacuoles originated from the ER as shown both by immunofluorescence and electron microscopy.

Although several steps in the mode of action of proaerolysin on mammalian cells remain to be elucidated, our data already enable us to conclude that the toxin must act at the cell surface and not at the site of vacuolation in the ER since inhibition of direct or indirect routes of retrograde transport to the ER does not prevent vacuolation. The observations that the G202C-I445C toxin mutant, which is unable to form channels, does not induce vacuolation illustrates that binding to the receptor is not sufficient and that perforation of the plasma membrane is necessary. Permeabilization per se of the plasma membrane however, might not be sufficient to induce vacuolation. Indeed SLO, which also permeabilizes the plasma membrane, does not lead to vacuole formation. Also Thelestham and Ljungh (1981) have observed that α-hemolysin, a second hemolysin secreted by *Aeromonas hydrophila*, also led to the formation of holes in the plasma membrane of lung fibroblasts but did not lead to vacuole formation. These observations suggest that the selectivity of the aerolysin-formed pore is important. Once the pore is formed, a highly speculative possibility is that a small fraction of the toxin is translocated through the plasma membrane into the cytoplasm, possibly through the aerolysin channel itself, and exerts an unknown enzymatic reaction. This latter mechanism would be similar to that of anthrax toxin, a toxin that is otherwise very different from aerolysin (for review see [@B56]; [@B80]). However, the simplest explanation that is consistent with all our observations, is that selective permeabilization mediated by aerolysin is both necessary and sufficient.

It is less clear how this permeabilization results in the alteration of early biosynthetic membranes. It is tempting to speculate that pore formation triggers a cascade of events that selectively interfere with specific molecular machineries regulating membrane flow. Indeed, toxin action results in a microtubule-dependent vacuolation of the ER, indicating that this process requires ER membrane dynamics and suggesting that the homotypic ER fusion continues while fission is inhibited. In addition, we also observe that COPI coats are selectively released from the Golgi complex without affecting the overall Golgi organization. Both results may clearly contribute to explain why biosynthetic transport of VSV-G is inhibited. One of our future goals will be to further dissect the mechanisms of action of the toxin at the molecular level.

The present work describes the first detailed analysis of the effect of a pore-forming toxin on the morphology and intracellular dynamics of nucleated mammalian cells. Since aerolysin seems to trigger a variety of complex processes that affect the ER, new avenues of research aimed at understanding the mechanisms by which membrane-damaging proteins affect mammalian cells have been opened and can now be explored.
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:   brefeldin A

GPI

:   glycosyl phosphatidylinositol
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:   incubation medium

PLAP

:   placental alkaline phosphatase
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:   phosphatidylinositol-specific phospholipase C

PNS

:   postnuclear supernatant

ts045-G

:   VSV-G of VSV strain ts045

SLO

:   streptolysin O

VSV

:   vesicular stomatitis virus

VSV-G

:   G protein of VSV

![Binding of ^125^I-proaerolysin to BHK cells. (*a*) Inhibition of ^125^I-proaerolysin binding to BHK cells by unlabeled toxin. Cells were incubated for 1 h with 4 nM of ^125^I-proaerolysin plus the indicated amount of unlabeled wild-type toxin (▪). 50% inhibition occurred in the presence of 16 nM of unlabeled proaerolysin. Bars indicate the standard deviation (*n* = 3). Binding of wild-type ^125^I-proaerolysin could also be competed with an excess of unlabeled G202C-I445C mutant proaerolysin (□). (*b*) Kinetics of specific binding of ^125^I-proaerolysin to BHK cells at 4°C. Cells were incubated with 4 nM ^125^I-proaerolysin and washed at the indicated times. Specifically bound proaerolysin was determined by subtracting the values obtained in the presence of 50-fold excess of unlabeled toxin. Bars indicate the standard deviation (*n* = 3). (*c*) Concentration dependence of proaerolysin binding to BHK cells. Cells were incubated for 2.5 h at 4°C with ^125^I-proaerolysin in the absence (○) or in the presence of 50-fold excess unlabeled toxin (□). Specific binding (♦) was calculated by subtraction of the unspecific bound toxin (□) from the total bound toxin (○). The results represent the mean of two independent experiments. Maximal errors were \<16%.](JCB15034.f1){#F1}

![Proaerolysin binds to an 80-kD protein on BHK cells. Cells were treated or not with 2 nM proaerolysin for 1 h at 4°C, thoroughly washed, homogenized, and a PNS was prepared. 20 μg of PNS of toxin-treated cells (lane *1*) and control cells (lane *2*) were submitted to the proaerolysin overlay assay as described in Materials and Methods. The overlay was performed with unlabeled proaerolysin and revealed with anti-aerolysin antibodies. Arrowheads indicate proaerolysin and aerolysin (that were bound to the plasma membrane, only in lane *1*) migrating at their expected molecular weights. Arrows indicate proaerolysin that bound to specific proteins on the nitrocellulose membrane during the overlay procedure.](JCB15034.f2){#F2}

![PI-PLC inhibits the binding of proaerolysin to BHK cells. Cells were incubated with or without 6 U/ml of PI-PLC for 1 h at 37°C in the presence of 10 μg/ml cycloheximide. The cells were then incubated in presence or absence of 2 nM proaerolysin for 1 h at 4°C, thoroughly washed, and homogenized. (*a*) The PNSs were probed for the presence of proaerolysin by Western blotting. (*b*) The PNSs were analyzed by proaerolysin overlay for the presence of proaerolysin binding proteins. Lane *1*, control cells; lanes *2*, proaerolysin-treated cells; lane *3*, PI-PLC and proaerolysin-treated cells. Arrowheads indicate proaerolysin and aerolysin (that were bound to the plasma membrane) migrating at their expected molecular weights. Arrows indicate proaerolysin that bound to specific proteins on the nitrocellulose membrane.](JCB15034.f4){#F4}

![Proaerolysin binds to detergent-insoluble microdomains of the plasma membrane of BHK cells. Cells treated with proaerolysin (4°C) were solubilized in 1% Triton X-100 and detergent-insoluble fractions were floated on a step sucrose gradient. The 10 fractions from the gradient (lanes *1* to *10*; *top* to *bottom* of the gradient), the loading region (3 ml) and the starting homogenate were analyzed by Western Blot analysis for the presence of proaerolysin (*PA*), of caveolin-1 (*Cav-1*), and of the transferrin receptor (*Trf-R*). As is often the case, two forms of caveolin-1 could be observed. The nitrocellulose membrane was also subjected to the proaerolysin overlay assay, using radiolabeled toxin, to localize the 80-kD proaerolysin-binding protein (*PA-R*). 18 μg of protein was loaded in each lane except in lane *1*, which contained 13 μg.](JCB15034.f3){#F3}

![Distribution of proaerolysin at the plasma membrane of BHK cells. Cells were incubated with proaerolysin (2 nM) for 1 h at 4°C. (*a*) Cells were fixed with paraformaldehyde and further processed for immunofluorescence as described in Materials and Methods. (*b*) Cells were incubated for 15 min at 37°C, and then processed as in *a.* (*c* and *d*) BHK cells were transiently transfected with PLAP cDNA as described in Materials and Methods. Cells were kept at 4°C and incubated for 1 h with proaerolysin (2 nM), 1 h with anti-proaerolysin monoclonal and antialkaline phosphatase polyclonal antibodies, 1 h with the corresponding secondary antibodies. Cells were then fixed with paraformaldehyde. The same cell is shown stained for both proaerolysin (*c*) and PLAP (*d*). (*e* and *f*) BHK cells were kept at 4°C and incubated for 1 h with proaerolysin (2 nM), 1 h with anti-proaerolysin monoclonal antibody, 1 h with FITC-conjugated goat anti--rabbit, cells were then fixed and permeabilized with methanol (*e*). The cells were fixed with methanol and incubated 30 min at room temperature with anti--caveolin-1 antibody and for 30 min at room temperature with lissamine rhodamine sulfonyl chloride--conjugated goat anti--mouse IgG (*f*). Bars, 6.7 μm.](JCB15034.f5){#F5}

![Proaerolysin is processed by host cell proteases. BHK cells were incubated with 0.95 nM ^125^I-proaerolysin for 1 h at 4°C, thoroughly washed and incubated with a toxin-free medium at 37°C. After defined times, cells were homogenized, PNS was prepared and analyzed by SDS-PAGE (10% gel), followed by autoradiography. Lane *a*, proaerolysin marker; lane *b*, trypsin-activated aerolysin marker; all other lanes are labeled according to the incubation time at 37°C. 15 μg of total PNS proteins was loaded per lane. Note that the aerolysin heptamer although not covalent is not disassembled by boiling in SDS and can therefore be readily seen at the top of the gel.](JCB15034.f6){#F6}

![Effect of proaerolysin on the intracellular potassium concentration and the membrane potential of BHK cells. (*a*) Cells were incubated with different concentrations of proaerolysin for 1 h at 4°C, thoroughly washed and incubated with a toxin-free medium for 15 min at 37°C. Potassium contents were determined by flame photometry. Experiments were done in triplicate, and the standard deviation was calculated. (*b*) Cells were incubated with or without 6 U/ml of PI-PLC for 1 h at 37°C in the presence of 10 μg/ml cycloheximide, treated with or without 0.38 nM proaerolysin for 1 h at 4°C, thoroughly washed and incubated with a toxin-free medium for 15 min at 37°C. The potassium content was then determined by flame photometry. (*c*) Trypsinized-BHK cells were incubated with the membrane potential--sensitive dye DiS-C~3~(5) as described in Materials and Methods. The arrow indicates the time at which proaerolysin was added. Maximal depolarization was obtained at the end of each experiment by adding 1 μg/ml (final concentration) of trypsin-activated aerolysin (*arrowheads*). ♦, 100 ng/ml wild-type proaerolysin; □, 20 ng/ml wild-type proaerolysin; ○, 100 ng/ml G202C-I445C proaerolysin. The slight increase in fluorescence observed in the cells treated with the G202C-I445C mutant proaerolysin was not significant since a similar drift was observed in the absence of toxin.](JCB15034.f7){#F7}

###### 

Viability of Proaerolysin-treated BHK Cells

  Time       Percent labeled with      
  ------- -- ---------------------- -- ----
  (min)                                
    0        100                        0
   75        100                        0
  120         88                       12
  195         77                       20
  240         60                       38

BHK cells were incubated with 0.38 nM proaerolysin at 37°C for various times. Cells were then submitted to the viability assay (DEAD/LIVE from Molecular Probes). The percentage of cells positive for calcein or for ethidium dimer--1 (*EthD-1*) were counted. At least 150 cells were counted at each time point. Cells never stained with both markers. However after 3 h of toxin treatment, 2--3% of the cells did not stain for either of the markers.  

![Effects of proaerolysin on the viability and morphology of BHK cells. (*a*) Cells were incubated with 0.38 nM proaerolysin at 37°C for 75 min, and then submitted to the DEAD/LIVE viability assay (see text). At this time point, all cells excluded ethidium dimer--1 and all retained cellular esterases as witnessed by the conversion of Calcein-AM to fluorescent calcein. Phase contrast image of control cells (*b*), cells incubated with 0.34 nM proaerolysin (*c*) for 1 h at 37°C. In *d*, cells were incubated with 6 U/ml of PI-PLC for 1 h at 37°C in the presence of 10 μg/ml cycloheximide, and then incubated with 0.38 nM proaerolysin for 1 h at 4°C, washed and incubated in a toxin-free medium for 1 h at 37°C. Bar, 10.5 μm.](JCB15034.f8){#F8}

![The distributions of the transferrin receptor (*Trf-R*), the KDEL receptor ERD2 (*ERD2*), mannosidase II (*Man II*), and the mannose-6-phosphate receptor (*MPR*) are not affected by proaerolysin in BHK cells. Cells were incubated in the presence or absence of 0.38 nM proaerolysin either for 50 min (*MPR*) or 1 h (*Trf-R*, *ERD2*, and *Man II*) at 37°C, and then processed for immunofluorescence as described in Materials and Methods. Bar: (*Trf-R*) 20 μm; (*ERD2*, *Man II*, and *MPR*) 13 μm.](JCB15034.f10){#F10}

![Effect of proaerolysin on the distribution of calnexin in BHK cells. Cells were incubated in the presence of 0.38 nM proaerolysin for various times at 37°C, immediately fixed with methanol, and then processed for immunofluorescence as described in Materials and Methods. Cells incubated without toxin (*a*) and with the toxin for 20 min (*b*), 60 min (*c*), and 90 min (*d*). *e*, phase contrast image of the cell shown in *d.* Bar: (*a*) 15 μm; (*b*) 17 μm; (*c*) 14 μm; (*d* and *e*) 12 μm.](JCB15034.f9){#F9}

![Ultrastructural analysis of aerolysin-treated BHK cells. Cells were incubated with 0.38 nM proaerolysin for 1 h at 37°C, fixed, and then processed for embedding in Epon and sectioning. *A* and *B* are low magnification overviews showing the typical morphology of the cells. Large electron lucent vacuoles are the striking characteristic of the treated cells. In many sections the vacuoles are clearly in continuity with the nuclear envelope (*A*, *arrows*; also see *E*). Together with the presence of membrane-associated ribosomes this identifies the vacuoles as part of the ER. Despite the drastic effects on the ER morphology the general ultrastructure of the cells is well preserved. Note that the cytoplasm is dense, mitochondria (*m*; e.g., *D*) are not swollen, and endosomes (*e*) show normal morphology (*C--E*). Golgi complexes are slightly swollen but still recognizable (*g*; *C* and *D*). *n*, nucleus. Bars: (*A* and *B*) 0.5 μm; (*C--E*): 0.25 μm.](JCB15034.f11){#F11}

![Degradation of ε-COP and BFA does not affect aerolysin-induced vacuolation. ldlF cells were incubated at 34° (*a*) and 40°C (*b*) for 6 h in culture medium. Cells were then shifted to 37°C and incubated for 60 min with 20 ng/ml proaerolysin. BHK cells were incubated with (*d*) or without (*c*) BFA for 45 min at 37°C before toxin addition. Images were taken on living cells 60 min after toxin addition. In *d*, BFA was also present during toxin treatment. Bar, 10.5 μm.](JCB15034.f12){#F12}

![Proaerolysin-induced vacuolation is inhibited upon depolymerization of the microtubule network by nocodazole. Cells were treated with (*b* and *d*) or without (*a* and *c*) 10 μM of nocodazole for 1 h at 37°C before the addition of the toxin. The microtubule-depolymerizing drug remained present during the toxin treatment. After 60 min, cells were fixed with methanol and stained with anti-calnexin antibodies (*a* and *b*) or anti-tubulin antibodies. Bar, 6.7 μm](JCB15034.f13){#F13}

![Proaerolysin leads to the progressive release of β-COP into the cytosol. Cells were incubated in the presence of 0.38 nM proaerolysin for various times at 37°C, immediately fixed with methanol, and then processed for immunofluorescence as described in Materials and Methods. Cells incubated without toxin (*a*) and with the toxin for 20 min (*b*), 60 min (*c*), and 90 min (*d*). Bar, 16 μm.](JCB15034.f14){#F14}

![Transport of newly synthesized VSV-G to the plasma membrane is inhibited in proaerolysin-treated cell. Cells were infected with tsO45-VSV for 3 h 10 min at 39.5°C in the absence of toxin. Cells were incubated an additional 20 min in IM with or without 0.38 nM proaerolysin. Cycloheximide was added to the cells before shifting them to 31°C for 45 min. Cells were then fixed with paraformaldehyde and either directly decorated with antibodies for plasma membrane staining or permeabilized with Triton X-100 (*T-X100*) to visualized intracellular staining. Processing for immunofluorescence was performed as described in Materials and Methods. Bar, 15 μm.](JCB15034.f15){#F15}
